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(57) ABSTRACT

Strained gate-all-around semiconductor devices formed on
globally or locally isolated substrates are described. For
example, a semiconductor device includes a semiconductor
substrate. An insulating structure is disposed above the
semiconductor substrate. A three-dimensional channel
region is disposed above the insulating structure. Source and
drain regions are disposed on either side of the three-
dimensional channel region and on an epitaxial seed layer.
The epitaxial seed layer is composed of a semiconductor
material different from the three-dimensional channel region
and disposed on the insulating structure. A gate electrode
stack surrounds the three-dimensional channel region with a
portion disposed on the insulating structure and laterally
adjacent to the epitaxial seed layer.

6 Claims, 16 Drawing Sheets
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1
METHODS FOR FABRICATING STRAINED
GATE-ALL-AROUND SEMICONDUCTOR
DEVICES BY FIN OXIDATION USING AN
UNDERCUT ETCH-STOP LAYER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. patent application
Ser. No. 13/629,135, filed on Sep. 27, 2012, the entire
contents of which are hereby incorporated by reference
herein.

TECHNICAL FIELD

Embodiments of the invention are in the field of semi-
conductor devices and, in particular, strained gate-all-around
semiconductor devices formed on globally or locally iso-
lated substrates.

BACKGROUND

For the past several decades, the scaling of features in
integrated circuits has been a driving force behind an
ever-growing semiconductor industry. Scaling to smaller
and smaller features enables increased densities of func-
tional units on the limited real estate of semiconductor chips.
For example, shrinking transistor size allows for the incor-
poration of an increased number of memory devices on a
chip, lending to the fabrication of products with increased
capacity. The drive for ever-more capacity, however, is not
without issue. The necessity to optimize the performance of
each device becomes increasingly significant.

In the manufacture of integrated circuit devices, multi-
gate transistors, such as tri-gate transistors, have become
more prevalent as device dimensions continue to scale
down. In conventional processes, tri-gate transistors are
generally fabricated on either bulk silicon substrates or
silicon-on-insulator substrates. In some instances, bulk sili-
con substrates are preferred due to their lower cost and
because they enable a less complicated tri-gate fabrication
process. In other instances, silicon-on-insulator substrates
are preferred because of the improved short-channel behav-
ior of tri-gate transistors.

Silicon-on-insulator substrates, formed either by global
isolation or local isolation, may also be used to fabricate
gate-all-around devices. Many different techniques have
been attempted to fabricate such three-dimensional isolated
channel devices. However, significant improvements are
still needed in the area of isolation formation for such
semiconductor devices.

In another aspect, many different techniques have been
attempted to improve the mobility of transistors. However,
significant improvements are still needed in the area of
electron and/or hole mobility improvement for semiconduc-
tor devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B illustrate cross-sectional views of vari-
ous operations in a method of fabricating a semiconductor
device.

FIGS. 2A-2C illustrate cross-sectional views of various
operations in a method of fabricating a semiconductor
device, in accordance with an embodiment of the present
invention.
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FIG. 3A illustrates a three-dimensional cross-sectional
view of a nanowire-based semiconductor structure, in accor-
dance with an embodiment of the present invention.

FIG. 3B illustrates a cross-sectional channel view of the
nanowire-based semiconductor structure of FIG. 3A, as
taken along the a-a' axis, in accordance with an embodiment
of the present invention.

FIG. 3C illustrates a cross-sectional spacer view of the
nanowire-based semiconductor structure of FIG. 3A, as
taken along the b-b' axis, in accordance with an embodiment
of the present invention.

FIGS. 4A-4] illustrate cross-sectional views of various
operations in a method of fabricating a semiconductor
device, in accordance with an embodiment of the present
invention.

FIGS. 5A-5] illustrate cross-sectional views of various
operations in another method of fabricating a semiconductor
device, in accordance with an embodiment of the present
invention.

FIGS. 6A-6G illustrate cross-sectional views of various
operations in another method of fabricating a semiconductor
device, in accordance with an embodiment of the present
invention.

FIG. 7 illustrates a computing device in accordance with
one implementation of an embodiment of the invention.

DESCRIPTION OF THE EMBODIMENTS

Strained gate-all-around semiconductor devices formed
on globally or locally isolated substrates are described. In
the following description, numerous specific details are set
forth, such as specific integration and material regimes, in
order to provide a thorough understanding of embodiments
of the present invention. It will be apparent to one skilled in
the art that embodiments of the present invention may be
practiced without these specific details. In other instances,
well-known features, such as integrated circuit design lay-
outs, are not described in detail in order to not unnecessarily
obscure embodiments of the present invention. Furthermore,
it is to be understood that the various embodiments shown
in the Figures are illustrative representations and are not
necessarily drawn to scale.

One or more embodiments of the present invention are
directed to the use of or inclusion of an undercut (UC)
control layer during semiconductor device fabrication. For
example, an undercut control layer may be used to integrate
strain in under fin oxidation (UFO) or silicon-on-insulator
(SOI) or silicon germanium-on-insulator (SiGeOI) FIN for-
mation to enable, e.g., enhanced channel strain formation.
UFO-based structures may be referred to as locally isolated
from an underlying substrate, while SOI-based structures
may be referred to as globally isolated from an underlying
substrate. Embodiments of the present invention may be
suitable for both such locally and globally isolated struc-
tures. In one or more specific embodiment, an epitaxial
seeding layer is retained for epitaxial structure formation.
The epitaxial seeding layer may be retained or later removed
in subsequent process operations.

In general, solutions described herein may be suitable for
straining a partially or entirely isolated device. The isolation
may be achieved or may be a result of global isolation (SOI)
or local isolation (UFO) where, in either case, an intervening
insulating layer is disposed between a channel region an
underlying bulk semiconductor substrate. The intervening
dielectric layer may be fabricated by, e.g., under fin oxida-
tion (UFO), buried oxide formation (BOX), or replacement
dielectrics, or may included in a starting substrate.
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Perhaps more specifically, one or more embodiments of
the present invention are directed to integrating gate-all-
around devices. As such, high performance, low leakage
transistor technology approaches are described herein. Dif-
ficulty in increasing electron and hole mobility simultane-
ously when the same channel material is used for both the
NMOS and PMOS is also addressed herein. Device perfor-
mance may be enhanced using strain solutions, higher
mobility channel approaches, or higher mobility channel
orientations.

Approaches described herein may be used to address
issues of carrier mobility in channel materials of semicon-
ductor devices. For example, in an embodiment, an undoped
silicon (Si) material channel is provided for a FIN structure.
The Si FIN is formed on an SiO,-based substrate to take
advantage of a fully undoped channel (e.g., with no subFIN
leakage) and minimized gate induced drain leakage (GIDL)
or junction leakage. However, Si cannot typically be grown
epitaxially on a SiO, buried layer. Furthermore, if a UFO
technique is used to form an oxide layer under the FIN or if
an SOI wafer is used, then integration of source or drain
(S/D) stressors to transfer the strain to the channel region
(such as epitaxial SiGe used to strain a silicon channel
region) may be complicated. For example, an undercut
process (e.g., removal of starting S/D material) may be
inhibited by the restriction of not being able to expose the
Si0, buried layer (or UFO or SiGeOl) since the epitaxially
grown stressor may not nucleate and grow on top of the
oxide. As such, integrating a maximum available S/D
induced strain on an isolated FIN with a buried oxide may
be very challenging.

Conventional approaches to integrating epitaxial channel
straining regions may include performing a shallow under-
cut to leave a thin Si layer (or other epitaxial nucleation
layer) disposed over a local or global buried oxide in order
to enable epitaxial stressor nucleation. Such an approach
may not be optimal since any capacity for induced strain will
likely be reduced considering the S/D epitaxial volume is
limited. Also, with such a controlled undercut technique may
not permit integration of epitaxial material to grow in a tip
region of a fabricated device which otherwise brings strain-
ing features very close to a channel region for maximum the
stress transfer.

To exemplify the above identified issues with conven-
tional approaches, FIGS. 1A and 1B illustrate cross-sec-
tional views of various operations in a method of fabricating
a semiconductor device. Referring to FIG. 1A, a semicon-
ductor structure 100 includes a semiconductor body 106,
such as a silicon layer, disposed on an insulating layer 104,
such as global or local insulating layer, on a substrate 102,
such as a bulk silicon substrate. A gate electrode 108, such
as a polysilicon placeholder gate electrode with hardmask
110 and spacers 112, is disposed above the semiconductor
body 106. Referring to FIG. 1B, exposed portions of the
semiconductor body 106 are recessed to form recessed
regions 114. The recessed regions 114 reduce the thickness
of the semiconductor body 106, but do not expose the
underlying insulating layer 104. The recessed regions 114
provide a location for epitaxial nucleation for, e.g., subse-
quent source and drain stressor formation. For example,
silicon germanium (SiGe) may subsequently be grown on
recessed portions 114 of the semiconductor body 106 in
order to provide stress to the channel region of the semi-
conductor body 106 under the gate electrode 108.

However, referring again to FIG. 1B, since a portion of
the semiconductor body must be preserved in regions 114 in
order to provide a nucleation site (which is not otherwise
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provided by insulating layer 104) only a shallow recess may
be achieved. Additionally, there is little to no undercut of the
portion of the semiconductor body 106 under the gate
electrode 108 that would otherwise permit formation of
epitaxial regions in closer proximity to the active channel
region of semiconductor body 106. As such, the shallow
recessing and minimal undercut may hinder the extent of
allowed epitaxial volume under the gate electrode 108,
possibly limiting the amount of stress transferred to the
channel region.

As such, one or more embodiments are directed to
enabling integration of strain on UFO/SiGeOl FINs by the
implementation of an etch stop layer (e.g., where the SiGe
is buried) that is sacrificial and may subsequently be
removed to provide a gate-all-around or/and contact-all-
around structure. The deposition of a sacrificial undercut
etch stop layer or sacrificial top layer buffer and its removal
in the channel and or S/D regions is described in greater
detail below.

To exemplify the above solutions, FIGS. 2A-2C illustrate
cross-sectional views of various operations in a method of
fabricating a semiconductor device, in accordance with an
embodiment of the present invention. Referring to FIG. 2A,
a semiconductor structure 200 includes a semiconductor
body 206, such as a silicon layer, disposed on an undercut
etch stop layer 205, such as a silicon germanium etch stop
layer. The undercut etch stop layer 205 is disposed on
insulating layer 204, such as global or local insulating layer,
on a substrate 202, such as a bulk silicon substrate. A gate
electrode 208, such as a polysilicon placeholder gate elec-
trode with hardmask 210 and spacers 212, is disposed above
the semiconductor body 206. Referring to FIG. 2B, exposed
portions of the semiconductor body 206 are removed to
expose portions 214 of the undercut etch stop layer 205. The
portions 214 of the undercut etch stop layer 205 inhibit
exposure of the underlying insulating layer 204. Further-
more, an extent 215 of undercut underneath the gate elec-
trode 208 may be achieved since an overetch process may be
used to remove portions of the semiconductor body 206.

The portions 214 of the undercut etch stop layer 205 also
provide a location for epitaxial nucleation for, e.g., subse-
quent source and drain stressor formation. For example,
epitaxial regions 216 such as silicon germanium (SiGe)
epitaxial regions may subsequently be grown on portions
214 of the undercut etch stop layer 205, adjacent to the
remaining portion of the semiconductor body 206, as
depicted in FIG. 2C. The epitaxial regions 216 may be
incorporated to provide stress to the channel region of the
semiconductor body 206 under the gate electrode 208.

Although FIGS. 2A-2C illustrate the concepts involved in
one or more embodiments of the present invention, more
elaborate approaches may also be used to fabricate semi-
conductor devices that benefit from the use of an undercut
etch stop layer. For example, in FIGS. 2A-2C, an interven-
ing insulating layer (e.g., layer 205) has already been formed
(as is also the case for the process scheme described in
association with FIGS. 6A-6G below) prior to formation of
a semiconductor body layer (e.g., layer 206). In other
embodiments, such as the case for the process schemes
described in association with FIGS. 4A-4] and 5A-5] below,
an intervening insulating layer is formed subsequent to
semiconductor body formation. Furthermore, in FIGS.
2A-2C, a gate electrode or placeholder electrode is formed
prior to recessing of the semiconductor body layer. How-
ever, in other embodiments, such as the case for the process
schemes described in association with FIGS. 4A-4], 5A-5]
and 6A-6G below, a gate electrode is fabricated following
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recessing of a semiconductor body layer, enabling formation
of gate-all-around semiconductor devices.

Referring again to FIGS. 2A-2C, by using a buried
semiconductor layer as an etch stop, then undercut process-
ing may be engineered to maximize volume and under the
gate (XUD) control. An optimum available strain may as
such be transferable to the corresponding channel region. In
one such embodiment, a structure that integrates strained Si
FIN on a UFO or SiGeOl substrate is thus achievable. One
or more of the process flows described herein, or the
resulting structures and devices may be applicable to tri-gate
and/or FIN-FET transistors for, e.g., 14 nanometer and
smaller process nodes. Embodiments of the invention may
involve depositing a Si FIN on a SiGe sacrificial buffer layer
and subsequently selectively removing the SiGe buffer layer
to ultimately provide a Si FIN gate-all-around or contact-
all-around structure.

In another aspect, the approach described in association
with FIGS. 2A-2C may be used in a more complex integra-
tion scheme to fabricate nanowire-based devices. For
example, FIG. 3A illustrates a three-dimensional cross-
sectional view of a nanowire-based semiconductor structure,
in accordance with an embodiment of the present invention.
FIG. 3B illustrates a cross-sectional channel view of the
nanowire-based semiconductor structure of FIG. 3A, as
taken along the a-a' axis. FIG. 3C illustrates a cross-sectional
spacer view of the nanowire-based semiconductor structure
of FIG. 3A, as taken along the b-b' axis.

Referring to FIG. 3A, a semiconductor device 300
includes one or more vertically stacked nanowires (304 set)
disposed above a substrate 302. Embodiments herein are
targeted at both single wire devices and multiple wire
devices. As an example, a three nanowire-based devices
having nanowires 304A, 304B and 304C is shown for
illustrative purposes. For convenience of description,
nanowire 304A is used as an example where description is
focused on only one of the nanowires. It is to be understood
that where attributes of one nanowire are described, embodi-
ments based on a plurality of nanowires may have the same
attributes for each of the nanowires.

Each of the nanowires 304 includes a channel region 306
disposed in the nanowire. The channel region 306 has a
length (L). Referring to FIG. 3B, the channel region also has
a perimeter orthogonal to the length (L). Referring to both
FIGS. 3A and 3B, a gate electrode stack 308 surrounds the
entire perimeter of each of the channel regions 306 of
nanowires 304C and 304B. In one embodiment, an etch stop
semiconductor layer 390 portion (described in greater detail
below) is not present under the channel region 306 of
nanowire 304A, and the device 300 is thus a gate-all-around
device with respect to the first nanowire 304A. In another
embodiment, however, the etch stop semiconductor layer
390 portion is present under the channel region 306 of
nanowire 304 A, and the device 300 is thus not a gate-all-
around device with respect to the first nanowire 304A. The
gate electrode stack 308 includes a gate electrode along with
a gate dielectric layer disposed between the channel region
306 and the gate electrode (not shown).

Referring again to FIG. 3A, each of the nanowires 304
also includes source and drain regions 310 and 312 disposed
in the nanowire on either side of the channel region 306. A
pair of contacts 314 is disposed over the source/drain
regions 310/312. Referring to both FIGS. 3A and 3B, pair of
contacts 314 is disposed over the source/drain regions
310/312. In one embodiment, an etch stop semiconductor
layer 390 portion (described in greater detail below) is not
present under the source or drain region 310 or 312 of
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nanowire 304A, and the device 300 is thus a contact-all-
around device with respect to the first nanowire 304A. In
another embodiment, however, the etch stop semiconductor
layer 390 portion is present under the source or drain region
310 or 312 of nanowire 304 A, and the device 300 is thus not
a contact-all-around device with respect to the first nanowire
304A.

Referring again to FIG. 3A, in an embodiment, the
semiconductor device 300 further includes a pair of spacers
316. The spacers 316 are disposed between the gate elec-
trode stack 308 and the pair of contacts 314. As described
above, the channel regions and the source/drain regions are,
in at least several embodiments, made to be discrete. How-
ever, not all regions of the nanowires 304 need be, or even
can be made to be discrete. For example, referring to FIG.
3C, nanowires 304A-304C are not discrete at the location
under spacers 316. In one embodiment, the stack of
nanowires 304A-304C have intervening semiconductor
material 318 there between, such as silicon germanium
intervening between silicon nanowires, or vice versa. In one
embodiment, the bottom nanowire 304A is still in contact
with an etch stop semiconductor layer 390 portion. Thus, in
an embodiment, a portion of the plurality of vertically
stacked nanowires under one or both of the spacers is
non-discrete.

The etch stop semiconductor layer 390 may be a layer (or
remnants thereof) such as the etch stop layer 205 described
in association with FIGS. 2A-2C. In one embodiment, the
etch stop semiconductor layer 390 is composed of silicon
germanium and the overlying nanowire 304A is composed
of (or at least is initially composed of) silicon. In another
embodiment, the etch stop semiconductor layer 390 is
composed of silicon and the overlying nanowire 304A is
composed of (or at least is initially composed of) silicon
germanium. In an embodiment, portions of the semiconduc-
tor layer 390 are removed under the channel region of
nanowire 304A and a gate-all-around structure may be
formed. In an embodiment, portions of the semiconductor
layer 390 are removed under the source and drain regions of
nanowire 304A and a contact-all-around structure may be
formed. In an embodiment, portions of the semiconductor
layer 390 are removed under the channel and the source and
drain regions of nanowire 304A and both a gate-all-around
structure and a contact-all-around structure may be formed.
The etch stop semiconductor layer 390 may be a layer (or
remnants thereof) may be used to seed growth of epitaxial
regions thereon. For example, the etch stop semiconductor
layer 390, at some point, may be used to grow epitaxial
straining source and drain regions.

Thus, in accordance with an embodiment of the present
invention, the one or more nanowires 304A-304C of the
semiconductor device 300 are uniaxially strained nanowires.
Thus, a semiconductor device may be fabricated from a
single uniaxially strained nanowire (e.g., 304A) or from a
plurality of vertically stacked uniaxially strained nanowires
(304A-304C), as depicted in FIG. 3A. The uniaxially
strained nanowire or plurality of nanowires may be uniaxi-
ally strained with tensile strain or with compressive strain.
In an embodiment, a compressively uniaxially strained
nanowire has a channel region composed of silicon. The
corresponding compressively uniaxially straining source
and drain regions are composed of silicon germanium
(S1,Ge,, where 0<x<100, and 0<y<100). In another embodi-
ment, a tensilely uniaxially strained nanowire has a channel
region composed of silicon germanium (Si,Ge,, where
0<x<100, and 0<y<100). The corresponding tensilely uni-
axially straining source and drain regions are composed of
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silicon. In an embodiment, a PMOS semiconductor device is
fabricated from a nanowire having the uniaxial compressive
strain. In an embodiment, an NMOS semiconductor device
is fabricated from a nanowire having the uniaxial tensile
strain.

Referring to FIGS. 3A-3C, the semiconductor device 300
further includes a dielectric layer 330 disposed between a
bulk substrate 302 and the nanowires 304A-304C. In an
embodiment, the dielectric layer 330 is effectively continu-
ous across a substrate 302 and is a global insulating layer. In
one embodiment, the dielectric layer 330 is composed of a
dielectric material such as, but not limited to, silicon diox-
ide, silicon oxy-nitride or silicon nitride. In another embodi-
ment, the nanowires 304A-304C are isolated from a bulk
substrate 302 by an isolation pedestal, e.g., they are locally
isolated. The isolation pedestal may be composed of a
material suitable to electrically isolate at least a portion, if
not all, of the nanowire 304A from the bulk substrate 302.
For example, in one embodiment, the isolation pedestal is
composed of a dielectric material such as, but not limited to,
silicon dioxide, silicon oxy-nitride or silicon nitride. In an
embodiment, the isolation pedestal is composed of an oxide
of the semiconductor material of the bulk substrate 302.

In an embodiment, the term “isolation pedestal” is used to
covey a discrete isolation structure formed at a given time,
e.g., a discrete structure formed only under a channel region,
or a pair of discrete structures formed only under a pair of
source and drain regions, or a discrete structure formed
under a channel region as well as under a pair of source and
drain regions. In another embodiment, the term “isolation
pedestal” is used to covey a combination of isolation struc-
tures formed at different times, e.g., a discrete structure
formed under a channel region in combination with a pair of
discrete structures formed, at a different time, under a pair of
source and drain regions.

Bulk substrate 302 may be composed of a semiconductor
material that can withstand a manufacturing process. In an
embodiment, bulk substrate 302 is composed of a crystalline
silicon, silicon/germanium or germanium layer doped with
a charge carrier, such as but not limited to phosphorus,
arsenic, boron or a combination thereof. In one embodiment,
the concentration of silicon atoms in bulk substrate 302 is
greater than 97%. In another embodiment, bulk substrate
302 is composed of an epitaxial layer grown atop a distinct
crystalline substrate, e.g. a silicon epitaxial layer grown atop
a boron-doped bulk silicon mono-crystalline substrate. Bulk
substrate 302 may alternatively be composed of a group
III-V material. In an embodiment, bulk substrate 302 is
composed of a III-V material such as, but not limited to,
gallium nitride, gallium phosphide, gallium arsenide, indium
phosphide, indium antimonide, indium gallium arsenide,
aluminum gallium arsenide, indium gallium phosphide, or a
combination thereof. In one embodiment, bulk substrate 302
is composed of a III-V material and the charge-carrier
dopant impurity atoms are ones such as, but not limited to,
carbon, silicon, germanium, oxygen, sulfur, selenium or
tellurium. In another embodiment, bulk substrate 302 is
undoped or only lightly doped.

In an embodiment, the gate electrode of gate electrode
stack 308 is composed of a metal gate and the gate dielectric
layer is composed of a high-K material. For example, in one
embodiment, the gate dielectric layer is composed of a
material such as, but not limited to, hafnium oxide, hafnium
oxy-nitride, hafnium silicate, lanthanum oxide, zirconium
oxide, zirconium silicate, tantalum oxide, barium strontium
titanate, barium titanate, strontium titanate, yttrium oxide,
aluminum oxide, lead scandium tantalum oxide, lead zinc
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niobate, or a combination thereof. Furthermore, a portion of
gate dielectric layer may include a layer of native oxide
formed from the outer few layers of the semiconductor
nanowires 304A-304C. In an embodiment, the gate dielec-
tric layer is composed of a top high-k portion and a lower
portion composed of an oxide of a semiconductor material.
In one embodiment, the gate dielectric layer is composed of
a top portion of hafnium oxide and a bottom portion of
silicon dioxide or silicon oxy-nitride.

In one embodiment, the gate electrode is composed of a
metal layer such as, but not limited to, metal nitrides, metal
carbides, metal silicides, metal aluminides, hafnium, zirco-
nium, titanium, tantalum, aluminum, ruthenium, palladium,
platinum, cobalt, nickel or conductive metal oxides. In a
specific embodiment, the gate electrode is composed of a
non-workfunction-setting fill material formed above a metal
workfunction-setting layer.

The contacts 316 are, in an embodiment, fabricated from
a metal species. The metal species may be a pure metal, such
as nickel or cobalt, or may be an alloy such as a metal-metal
alloy or a metal-semiconductor alloy (e.g., such as a silicide
material). In an embodiment, spacers 316 are composed of
an insulative dielectric material such as, but not limited to,
silicon dioxide, silicon oxy-nitride or silicon nitride.

Semiconductor device 300 may be any semiconductor
device incorporating a gate, one or more channel regions and
one or more pairs of source/drain regions. In an embodi-
ment, semiconductor device 300 is one such as, but not
limited to, a MOS-FET, a memory transistor, or a Micro-
electromechanical System (MEMS). In one embodiment,
semiconductor device 300 is a three-dimensional MOS-FET
and is a stand-alone device or is one device in a plurality of
nested devices. As will be appreciated for a typical inte-
grated circuit, both N- and P-channel transistors may be
fabricated on a single substrate to form a CMOS integrated
circuit.

Although the device 300 described above is for a single
device, e.g., an NMOS or a PMOS device, a CMOS archi-
tecture may also be formed to include both NMOS and
PMOS channel devices disposed on or above the same
substrate. A plurality of such NMOS devices, however, may
be fabricated to have different semiconductor body heights
and/or may be isolated from or coupled to an underlying
bulk substrate. Likewise, a plurality of such PMOS devices
may be fabricated to have different semiconductor body
heights and/or may be isolated from or coupled to an
underlying bulk substrate. Furthermore, additional process-
ing not shown may include processing operations such as
back-end interconnect formation and semiconductor die
packaging.

A CMOS architecture may also be formed to include both
NMOS and PMOS nanowire-based devices disposed on or
above the same substrate. Nanowire/nanoribbon structure
may be formed by selective etching of sacrificial layers from
multilayer epitaxial stacks. The epitaxial layers may be used
as a channel or may be selectively removed to form a gap for
all-around gate structure. The isolation layer under epitaxial
wires may provide electrical isolation and form a bottom gap
for all-around gate. The simplest CMOS integration scheme
employs N/P MOS channels fabricated with the same mate-
rial. The process is simpler to fabricate in that it employs a
single selective etch. However, as described throughout
herein, strain technology may be required to boost device
performance. For example, when silicon was used for chan-
nel material, PMOS is enhanced by compressive stress and
NMOS is enhanced by a tensile stress along channel direc-
tion to enhance carrier mobility. In accordance with an
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embodiment of the present invention, the unique features of
a starting material stack are exploited to integrate different
NMOS and PMOS channel materials which are optimized
for higher mobility. For example, in one embodiment, a
sacrificial layer of an NMOS device is used as a PMOS
channel and a sacrificial layer of a PMOS device is used as
an NMOS channel. Since the sacrificial layer may be
removed during processing, independent choice of channel
materials and optimization is made possible.

More generally, focusing on a gate-all-around aspect of
embodiments of the present invention, different approaches
are available to provide a gate surrounding a channel region
or a contact surrounding a source/drain region, or both. One
or more embodiments of the present invention are directed
to a plurality of semiconductor devices having three-dimen-
sional bodies or active regions (e.g., fins) formed from a
bulk substrate, such as a bulk single crystalline silicon
substrate. One or more of the plurality of devices is subse-
quently subjected to an under fin oxidation (UFO, described
in greater detail below) process to isolate, or at least restrict,
the device from the underlying bulk substrate. Accordingly,
one or more embodiments include fabrication processes
using a selective (versus global) UFO process to provide
selective substrate isolation for targeted devices. However,
other embodiments are directed to a plurality of semicon-
ductor devices having three-dimensional bodies or active
regions formed on a globally insulating substrate.

In a first example utilizing a UFO approach, FIGS. 4A-4]
illustrate cross-sectional views of various operations in a
method of fabricating a semiconductor device, in accor-
dance with an embodiment of the present invention. Refer-
ring to FIG. 4A, a starting semiconductor structure 400
includes semiconductor bodies 406, such as silicon fins,
disposed on an undercut etch stop layer 405, such as a silicon
germanium etch stop layer. The undercut etch stop layer 405
is disposed on a substrate 402, such as a bulk silicon
substrate. A hardmask layer 410, such as a silicon nitride
hardmask layer, is disposed on the semiconductor bodies
406. Spacers 412, such as silicon nitride spacers are formed
along the sidewalls of the semiconductor bodies 406, as
depicted in FIG. 4B, e.g., by conformal layer deposition and
etch back. Referring to FIG. 4C, exposed portions of the
substrate 402 are removed to provide semiconductor ped-
estals 420 underneath the semiconductor bodies 406. For
example, in the case that the semiconductor bodies 406 are
protected by silicon nitride hardmask and spacers and by a
silicon germanium etch stop layer, the semiconductor ped-
estals 420 may be formed selectively without impacting the
semiconductor bodies 406. The semiconductor pedestals
420 are then oxidized to form isolation pedestals 422, as
depicted in FIG. 4D. Oxidation may also occur in the top
portion of the remaining substrate 402 and, possibly, some-
what in the etch stop layer 405, as is also depicted in FIG.
4D. However, where a SiGe layer 405 is used at least a
portion remains unoxidized, protecting semiconductor bod-
ies 406 from oxidation. Referring to FIG. 4E, the spacers
and hardmask are removed to leave isolation pedestals 422,
etch stop layer 405 and semiconductor bodies 406 remain-
ing. Focusing the remainder of the description on only one
semiconductor body 406, a dielectric pattern 430 may be
formed to surround the semiconductor body 406 and isola-
tion pedestal 422, as depicted in FIG. 4F, e.g., an inter-layer
dielectric (ILD) pattern. Referring to FIG. 4G, portions of
the etch stop layer 405 are selectively removed to provide an
entirely exposed portion 432 of the semiconductor body 406
above isolation pedestal 422. For example, in one embodi-
ment, the portion of the etch stop layer 405 under the
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channel region of the semiconductor body 406 is removed,
e.g., to ultimately enable formation of a gate-all-around
structure. In another embodiment, the portions of the etch
stop layer 405 under the source/drain regions of the semi-
conductor body 406 are removed, e.g., to ultimately enable
formation of a contact-all-around structure. In another
embodiment, at different stages in a process flow, the portion
of the etch stop layer 405 under the channel region of the
semiconductor body 406 is removed and the portions of the
etch stop layer 405 under the source/drain regions of the
semiconductor body 406 are removed, e.g., to ultimately
enable formation of a gate-all-around and a contact-all-
around structure. Using the first case as an example, a gate
stack 440 is formed within the structure of FIG. 4G to
provide a gate-all-around structure 440, as depicted in FIG.
4H. The gate stack 440 includes a gate dielectric layer 442
and a gate electrode 444 material surrounding the channel
region 432 of the semiconductor body 406. Referring to
FIGS. 4E and 41 (note that FIG. 41 is a view taken perpen-
dicularly from FIG. 4H), before or after the gate formation,
epitaxial source and drain regions 460 are formed. In one
such embodiment, source and drain regions of the semicon-
ductor body 406 are removed, using corresponding portion
of'the etch stop layer 405 for selective etching, and epitaxial
source and drain regions are formed. Subsequently, as
depicted in FIG. 41, the portions of the etch stop layer 405
under the epitaxial source and drain 460 are removed to
enable a contact-all-around structure. Referring to FIG. 47,
in the case that the gate stack 440 is not permanent, the gate
stack may be replaced with a permanent gate stack 470, such
as a high-k metal gate stack.

It is to be understood that following FIG. 4E above,
different combinations of the operations shown in FIGS.
4F-41 may be selected for processing. For example, the
source and drain regions of semiconductor body 406 need
not be replaced with epitaxial regions. Also, the portions of
the etch stop layer under regions 460 need not be removed.
Additionally, referring to FIG. 41 as an example, artifacts
from processing may remain. As an example, regions 405A
of the etch stop layer 405 may remain underneath gate
electrode spacers 465. Overall, in a general embodiment
however, FIGS. 4A-4] illustrate an exemplary process flow
in which a sacrificial SiGe layer is used at the bottom of a
fin structure only.

Referring again to FIG. 4D, in an embodiment, the
exposed portions of the semiconductor pedestals 420 are
oxidized to form the isolation pedestals 422 by “under fin
oxidation” (UFO). In an embodiment, the use of spacers
may be required if a same or like material is being oxidized,
and may even be included if non-like materials are used. In
an embodiment, an oxidizing atmosphere or an adjacent
oxidizing material may be used for UFO. However, in
another embodiment, oxygen implant is used. In some
embodiments, a portion of a material is recessed prior to
UFO which may reduce the extent of so-called birds-beak
formation during oxidation. Thus, the oxidation may be
performed directly, by recessing first, or by oxygen implant,
or a combination thereof. In another embodiment, in place of
UFO, selective removal of a material at the bottom of the fin
(e.g., a material that has been previously deposited on the
silicon wafer before an additional fin material deposition,
such as silicon germanium on a silicon substrate) is per-
formed and replaced with a dielectric material, such as
silicon dioxide or silicon nitride. In either the UFO case or
the selective material removal case, the location where
reoxidation or material replacement is performed can vary.
For example, in one such embodiment, the reoxidation or
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material removal is carried out post gate etch, post spacer
etch, at an undercut location, at a replacement gate opera-
tion, or at a through contact operation, or a combination
thereof.

Referring again to FIG. 4G, in an embodiment, a portion
of the silicon germanium etch stop layer 405 is etched
selectively with a wet etch that selectively removes the
silicon germanium etch stop layer 405 portion while not
etching the silicon body 406. Etch chemistries such as
carboxylic acid/nitric acid/HF chemistry, and citric acid/
nitric acid/HF, for example, may be utilized to selectively
etch the silicon germanium. In another embodiment, a
silicon etch stop layer is used below a silicon germanium
body. Etch chemistries such as aqueous hydroxide chemis-
tries, including ammonium hydroxide and potassium
hydroxide, for example, may be utilized to selectively etch
the silicon. Thus, either a silicon layer may be removed from
a silicon germanium fin-type structure or a silicon germa-
nium layer may be removed from a silicon fin-type structure.

Referring again to FIGS. 4F-4], gate stack structures may
be fabricated by a replacement gate process. In such a
scheme, dummy gate material such as polysilicon or silicon
nitride pillar material, may be removed and replaced with
permanent gate electrode material. In one such embodiment,
a permanent gate dielectric layer is also formed in this
process, as opposed to being carried through from earlier
processing. In an embodiment, dummy gates are removed by
a dry etch or wet etch process. In one embodiment, dummy
gates are composed of polycrystalline silicon or amorphous
silicon and are removed with a dry etch process comprising
SF,. In another embodiment, dummy gates are composed of
polycrystalline silicon or amorphous silicon and are
removed with a wet etch process comprising aqueous
NH,OH or tetramethylammonium hydroxide. In one
embodiment, dummy gates are composed of silicon nitride
and are removed with a wet etch including aqueous phos-
phoric acid.

In a second example utilizing a UFO approach, FIGS.
5A-5] illustrate cross-sectional views of various operations
in another method of fabricating a semiconductor device, in
accordance with an embodiment of the present invention.
Referring to FIG. 5A, a starting semiconductor structure 500
includes semiconductor bodies 506, such as silicon fins,
disposed on an undercut etch stop layer 505A, such as a
silicon germanium etch stop layer. The undercut etch stop
layer 505A is disposed on a substrate 502, such as a bulk
silicon substrate. A second etch stop layer 505B, such as a
second silicon germanium etch stop layer, is disposed on the
semiconductor bodies 506. A hardmask layer 510, such as a
silicon nitride hardmask layer, is disposed on the second etch
stop layer 505B. Spacers 512, such as silicon nitride spacers
are formed along the sidewalls of the semiconductor bodies
506, as depicted in FIG. 5B, e.g., by conformal layer
deposition and etch back. Referring to FIG. 5C, exposed
portions of the substrate 502 are removed to provide semi-
conductor pedestals 520 underneath the semiconductor bod-
ies 506. For example, in the case that the semiconductor
bodies 506 are protected by silicon nitride hardmask and
spacers and by a silicon germanium etch stop layer 505A,
the semiconductor pedestals 520 may be formed selectively
without impacting the semiconductor bodies 506. The semi-
conductor pedestals 520 are then oxidized to form isolation
pedestals 522, as depicted in FIG. 5D. Oxidation may also
occur in the top portion of the remaining substrate 502 and,
possibly, somewhat in the etch stop layer 505A, as is also
depicted in FIG. 5D. However, where a SiGe layer 505A is
used at least a portion remains unoxidized, protecting semi-
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conductor bodies 506 from oxidation. Referring to FIG. 5E,
the spacers and hardmask are removed to leave isolation
pedestals 522, etch stop layers 505A and 505B and semi-
conductor bodies 506 remaining. Focusing the remainder of
the description on only one semiconductor body 506, a
dielectric pattern 530 may be formed to surround the semi-
conductor body 506 and isolation pedestal 522, as depicted
in FIG. 5F, e.g., an inter-layer dielectric (ILD) pattern.
Referring to FIG. 5G, portions of the etch stop layers 505A
and 505B are selectively removed to provide an entirely
exposed portion 532 of the semiconductor body 506 above
isolation pedestal 522. For example, in one embodiment, the
portions of the etch stop layers 505A and 505B under and
above the channel region of the semiconductor body 506 are
removed, e.g., to ultimately enable formation of a gate-all-
around structure. In another embodiment, the portions of the
etch stop layers 505A and 505B under and above the
source/drain regions of the semiconductor body 506 are
removed, e.g., to ultimately enable formation of a contact-
all-around structure. In another embodiment, at different
stages in a process flow, the portion of the etch stop layers
505A and 505B under and above the channel region of the
semiconductor body 506 are removed and the portions of the
etch stop layers 505A and 505B under and above the
source/drain regions of the semiconductor body 506 are
removed, e.g., to ultimately enable formation of a gate-all-
around and a contact-all-around structure. Using the first
case as an example, a gate stack 540 is formed within the
structure of FIG. 5G to provide a gate-all-around structure
550, as depicted in FIG. SH. The gate stack 540 includes a
gate dielectric layer 542 and a gate electrode 544 material
surrounding the channel region 532 of the semiconductor
body 506. Referring to FIGS. 5E and 51 (note that FIG. 51
is a view taken perpendicularly from FIG. 5H), before or
after the gate formation, epitaxial source and drain regions
560 are formed. In one such embodiment, source and drain
regions of the semiconductor body 506 are removed, using
corresponding portion of the etch stop layer 505A for
selective etching, and epitaxial source and drain regions are
formed. Subsequently, as depicted in FIG. 51, the portions of
the etch stop layer 505A under the epitaxial source and drain
560 are removed to enable a contact-all-around structure.
Referring to FIG. 51, in the case that the gate stack 540 is not
permanent, the gate stack may be replaced with a permanent
gate stack 570, such as a high-k metal gate stack.

It is to be understood that following FIG. SE above,
different combinations of the operations shown in FIGS.
5F-51 may be selected for processing. For example, the
source and drain regions of semiconductor body 506 need
not be replaced with epitaxial regions. Also, the portions of
the etch stop layer under regions 560 need not be removed.
Additionally, referring to FIG. 51 as an example, artifacts
from processing may remain. As an example, regions 505A'
and 505B' of the etch stop layers 505A and 505B, respec-
tively, may remain underneath gate electrode spacers 565.
Overall, in a general embodiment however, FIGS. 5A-5]
illustrate an exemplary process flow in which a sacrificial
SiGe layer is used at the bottom and the top of a fin structure.

In an example utilizing already-formed buried oxide
approach, FIGS. 6A-6G illustrate cross-sectional views of
various operations in another method of fabricating a semi-
conductor device, in accordance with an embodiment of the
present invention. Referring to FIG. 6A, a starting semicon-
ductor structure 600 includes semiconductor bodies 606,
such as silicon fins, disposed on an undercut etch stop layer
605, such as a silicon germanium etch stop layer. The
undercut etch stop layer 605 is disposed on an insulating
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layer 604, such as a buried SiO, layer of a silicon-on-
insulator (SOI) substrate. The insulating layer 604 is dis-
posed on a substrate 602, such as a silicon substrate. A
hardmask layer 610, such as a silicon nitride hardmask layer,
is disposed on the semiconductor bodies 606. The undercut
etch stop layer 605 is patterned to expose insulating layer
604, as depicted in FIG. 6B, e.g., by a dry etch process.
Focusing the remainder of the description on only one
semiconductor body 606, the hardmask 610 is removed and
a dielectric pattern 630 is formed to surround the semicon-
ductor body 606 and undercut etch stop layer 605, as
depicted in FIG. 6C, e.g., an inter-layer dielectric (ILD)
pattern. Although not depicted in FIG. 6C, source and drain
undercut (e.g., as described in association with FIGS.
2A-2C) and a replacement gate process may also be per-
formed at, prior to or after, this stage. Referring to FIG. 6D,
the bottom sacrificial layer (and top if present, such as
described in association with FIGS. 5A-5]) is removed.
Then, a gate dielectric layer 642 and metal gate electrode
644 may be formed, as depicted in FIG. 6E. Referring to
FIGS. 6F and 6G (latter is repeat of FIG. 6E), respectively,
a comparison between the FIN cut 680 and poly cut 690
views is provided. In the former view, the possibility to
fabricate a trench contact wrap-around is available in the
source and drain regions.

It is to be understood that additional wire structures (such
as those described in association with FIGS. 3A-3C) may
also be fabricated in association with the fin structures
described and illustrated in FIGS. 4A-4], 5A-5-] and 6 A-6G
above.

One or more embodiments described herein can be imple-
mented improve performance on, e.g., 14 nanometer and
smaller node products and reduce standby leakage. Standby
leakage reduction may be particularly important for system-
on-chip (SOC) products with extremely stringent standby
power requirements. Furthermore, other or the same
embodiments may take advantage of higher mobility prop-
erties of strained channel engineering using SiGe or Ge as
S/D stressors as an example. Also, the gate-all-around and/or
contact-all-around structures are expected to improve short
channel performance and transistor contact resistance.

One or more embodiments of the present invention are
directed at improving the channel mobility for NMOS or
PMOS transistors, or both. Mobility may be improved using
strain, e.g., in the channel region. Thus, one or more
approaches described herein provide the appropriate strain
in the channel regions for both NMOS and PMOS transis-
tors. In an embodiment, strained NMOS and PMOS gate-
all-around devices are provided.

More specifically, one or more embodiments of the pres-
ent invention include compressive strain for improved hole
mobility for PMOS nanowire-based devices and tensile
strain for improved electron mobility for NMOS nan